In this paper a heterogeneous lumped parameter model is proposed to describe the mass transfer of effective alkali during the kraft pulping of wood. This model, based on the spatial mean of the concentration profile of effective alkali along the chip thickness, enables the estimation of the effective diffusion coefficient that characterizes the internal resistance to mass transfer and the contribution of the external resistance to mass transfer which has often been neglected.
Introduction
Mass transfer of inorganic chemicals plays an important role in the overall rate of wood pulping due to the strong heterogeneous nature of the process. The main reactions that take place during this process occur between lignin and carbohydrates in the solid matrix of the wood and the inorganic reactants dissolved in the liquid entrapped within its porous structure. Therefore, to really improve the understanding of the kraft pulping process and to enable realistic optimization studies of the operation of industrial reactors [1] it is essential to quantify the rate of mass transfer of alkali from the bulk of the liquor to the inside of the chips.
In the history of kraft pulping research, the heterogeneous nature of the process has been neglected to a large extent. Due to experimental limitations, the available data on the alkali concentration in the liquor inside the chips are very scarce, when compared to the amount of data on the bulk liquor. There are very few studies on this subject [2] [3] [4] [5] and these only allow to roughly estimate the concentration of alkali in the entrapped liquor. Moreover, none of these studies were performed with the purpose of building a kinetic model for pulping based on the measurement of alkali concentration in the entrapped liquor. As a consequence, in most of the models available, the rates of reaction of lignin and of carbohydrates in the wood matrix are related to the composition of the bulk liquor surrounding the chips, which is of little physical significance for the development of real heterogeneous kinetic models.
Some theoretical models have been proposed to describe the kraft pulping process, in which both chemical reaction and mass transfer were considered [6] [7] [8] . However, the great detail that characterizes such models is not backed up by consistent and Nomenclature a, b
intercept and slope for critical alkali concentration (definition in Eq. (15)) A L area of the largest side of the chip (m 2 ) A T total mass transfer area (m 2 ) c e effective alkali concentration in the entrapped liquor (g(Na 2 O) L −1 ) c e effective alkali concentration in the whole of the entrapped liquor (g(Na 2 O) L −1 ) c e spatial average effective alkali concentration in the entrapped liquor, extensive pulping data. These global models have never been validated in practice, because there is not enough reliable experimental information relating entrapped liquor concentration to chemical reaction rates within the solid matrix. Agarwal et al. [9] developed a diffusion model for alkali using a pulping model that included both physical and chemical phenomena. The mass transfer model was built in two steps. First the kinetic models for chemical reaction were obtained from cooking experiments carried out with thin chips and, based on the assumption of no internal or external mass transfer resistances, the kinetic parameters obtained were then used to estimate the alkali diffusion model, at this stage using pulping experiments with thick chips. However, with such a strategy, some assumptions had to be made thus reducing the accuracy of the model. One assumption refers to not accounting for the mass transfer limitations of alkali in thin chips. This implies that the concentration profiles of alkali in both the free and the entrapped liquors are the same along the cooking experiment, which is not confirmed experimentally, as shown by Egas et al. [10] . Moreover, the reactions between alkali and the wood components other than lignin and carbohydrates are neglected, thus leading to unrealistic alkali profiles during cooking.
More recently, a significant effort to estimate the diffusion parameters during wood impregnation was made by Kazi et al. [11] . In their experimental programme the authors impregnated wood cylinders with a sodium hydroxide solution at different impregnation pressures and temperatures. The sodium concentration profiles were then measured in the axial and radial directions, using a very elaborate procedure for sample preparation and the SEM technique for sodium quantification. However, in the model proposed for impregnation, it is assumed that no chemical reactions occur between alkali and wood components and that sodium does not adsorb on the solid matrix. These phenomena may not be always negligible [10, 12, 13] and this may influence the diffusion parameters calculated. Moreover, the low range of temperatures used in the experimental studies (25-100 • C) does not enable using their diffusion model in normal pulping conditions. This paper proposes a model for the mass transfer of alkali from the bulk liquor to the inside of the wood chips that is based on data on the composition of both free and entrapped liquors. The pulping experiments followed the methodology proposed by Egas et al. [10] and the relevance of the information gathered on the entrapped liquor has been confirmed by Simão et al. [14, 15] . This mass transfer model relies on a lumped parameter approximation, in which the concentration profile of alkali inside the chip is represented by its spatial average concentration. Although assuming the heterogeneous nature of the process, this lumped parameter approach can be easily used and, above all, it has been validated by a large number of pulping experiments. It also incorporates the two main mass transfer resistances: an internal resistance, by diffusion, inside the chips, and an external resistance in the surrounding film of liquid involving the chip. One additional advantage of this method, with regard to others, is that it does not require any simplifying assumption on the chemical reactions, as the alkali concentrations in both the bulk and the entrapped liquors are measured along time.
Experimental
The experimental procedure adopted here has already been described in detail by Egas et al. [10] . Handmade Eucalyptus globulus chips (size: 30 mm × 30 mm × 6 mm) were cooked in a six-vessel computer controlled batch-digester system described by Romanenko and Castro [16] . Each experiment consisted in a set of six simultaneous cooks in the same reaction conditions, but with different pulping times. Since the chips were fully pre-impregnated with water at the beginning of the cook, the penetration mechanism is considered negligible.
The initial effective alkali concentration, the initial sulphidity and the temperature profile varied among experiments, while the initial liquor-to-wood ratio remained 8 L/kg. The standard sulphidity was set to 30%. Table 1 summarizes the conditions used in the experiments.
In each experiment, both the free and the entrapped liquors were analyzed for sulphide and active alkali concentrations, as well as dissolved solids and lignin. Wood samples were also characterized. Fig. 1 shows typical effective alkali concentration profiles in both free and entrapped liquors, for an experiment carried out at a target temperature of 140 • C. The amount of alkali that disappears from the liquor surrounding the chips (free liquor), as a result of both mass transfer and chemical reaction, can be related to the alkali concentration gradient between the two liquid phases, independently of the chemical reactions that take place in the wood matrix. However, as Fig. 1 illustrates, at the beginning of the cooking experiments there is a fast and sharp decrease in the concentration of alkali in the free liquor, which is not followed by a corresponding increase in the concentration of alkali in the entrapped liquor. This could be explained by the occurrence of fast chemical reactions between alkali and some constituents of wood, namely acetyl groups and extractives, which can be considered to dissolve in the free liquor in the first 5-8 min of the cook [17] . Therefore, the mass balance to the free liquor will take into account these early reactions in an additional term in the following model development.
Model development
In the lumped parameter approach adopted here for the modelling of mass transfer, one uses the spatial average of the alkali concentration profile along the chip thickness,c e (see Fig. 2 ), that allows us to use the available data on the alkali concentration in the whole entrapped liquor. With this macroscopic strategy the total resistance to mass transfer is lumped into the external film as an overall mass transfer coefficient (K OL ), relating the concentration in the free liquor to the mean concentration in the liquid inside the chip. This is illustrated in Fig. 2 , where this resistance is greater than the film resistance alone in the microscopic model, because it already embodies the internal mass transfer resistance. The experimental data available to build the model are the average alkali concentrations in the entrapped and free liquors which enable the estimation of the overall mass transfer coefficient. This can, then, be related to the external film mass transfer coefficient (k L ) and to the effective diffusion coefficient inside the chip (D eff ).
In order to build the mass transfer model for this system the following assumptions have been made:
• The bulk phase is homogeneous and well mixed.
• Heat transfer limitations are considered negligible, which means that there are no temperature gradients between the free and entrapped liquors; moreover, the temperature is uniform in both the liquid and solid phases. • The chip has slab geometry and its critical dimension is the thickness. • Convection inside the chip is considered negligible.
• The activity coefficient for OHis constant inside and outside the chip. • The effective diffusion coefficient is constant inside the chip.
The macroscopic mass balances to the effective alkali in both the free and the entrapped liquors lead to the following equations:
where V f and V T e are the total volumes of free and entrapped liquors in the system, c f (t) andĉ e (t) the effective alkali concentrations in the free liquor and in the whole of the entrapped liquor, V T chip the total volume of chips,r the reaction rate in the whole of the entrapped liquor and A T is the total interface mass transfer area. On the other hand, a microscopic mass balance to the effective alkali concentration in the entrapped liquor is described by the following equation:
with the boundary conditions:
and the initial conditions
where c e (t,x) is the local effective alkali concentration in the entrapped liquor, ε the chip porosity, r the local reaction rate and L is the chip thickness. By using spatial averages for the alkali concentration in the entrapped liquor,c e (t), and for the average reaction rate,r, in Eqs. (3)-(5) and assuming that the spatial effective alkali concentration profile in the entrapped liquor is symmetric at x = 0 and described by a second order polynomial, one obtains the following lumped model expressed in terms ofc e (t):
Since the volume of the entrapped liquid is given by V T e = εLA L N and the total surface area for mass transfer is A T = 2A L N, where A L is the area of the largest side of the chip and N is the number of chips in the system, one can multiply Eq. (7) by V T chip = LA L N and thus:
Sincec e in Eq. (8) andĉ e in Eq. (2) have the same meaning, one can state that
The effective diffusion coefficient is often considered to depend on temperature, following an Arrhenius-type equation [2, 3, 17] :
where k D is a pre-exponential constant, T the absolute temperature, E a an activation energy for diffusion and R is the ideal gas constant. The chip porosity (ε) is included here because in this non-catalytic liquid-solid reaction system, it depends on the extent of the reaction and therefore it is not constant during the process.
According to Dwidevi and Upadhyay [18] the external film mass transfer coefficient can be determined using the following correlation for liquid-solid systems:
Re (12) where J D is the Chilton-Colburn j-factor for mass transfer, U the superficial velocity of the free liquor, ε b the bulk porosity and N Sc and N Re are the Schmidt and Reynolds numbers. The superficial velocity was related to the average flow rate in the cooking experiments and the digesters cross-sectional area. The viscosity of the liquor (μ) was determined as a function of the solids content (SC) and temperature (T), according to the correlation proposed by Gonçalves and Lobo [19] :
Both the solids content and the temperature depend on the extent of the cook.
The diffusivity of OH − in the free liquor was corrected by viscosity and temperature using a modified Stokes-Einstein equation [20] :
where D 0 is the diffusivity of OH − in water (2.12931 × 10 −9 m 2 s −1 , [21] ), T 0 is 298 K and μ 0 is the viscosity of water at that temperature.
As it was previously mentioned, in order to account for the rapid consumption of effective alkali that occurs in the beginning of the cook, a term was added to the mass balance described by Eq. (1). This term is related to a "critical" alkali concentration, c fc , defined as the minimum alkali concentration up to which the contribution of these reactions is relevant. The preliminary tests showed that c fc is a linear function of the initial alkali concentration in the free liquid, c 0 f :
This consumption term is given, at each instant, by the difference between the alkali concentration in the free liquid and the above-mentioned "critical" concentration, multiplied by a coefficient, k in . In the range of temperatures used, this very fast consumption is assumed to be not dependent on temperature:
This term is added to the mass balance in Eq. (1) until the alkali concentration in the free liquid equals the "critical" concentration. This strategy enables obtaining a good estimate of the flow of effective alkali that is transferred from the free to the entrapped liquor during the initial stages of the cooking:
Results and discussion
The cooking experiments carried out in the digesters system, at temperatures in the range 80-165 • C and initial effective alkali charge ranging from 10 to 45 g Na 2 O (100 g odw) −1 , enabled to follow the alkali concentration profiles in the free and entrapped liquors. From the 41 cooking experiments available, 22 were chosen for solving this parameter estimation problem, while the remaining 19 were left for model validation. Therefore, a total of 132 experimental data points were employed to obtain optimal parameter estimates. Eqs. (9)-(18) were solved using the ODRPACK package [22] with the ordinary least squares criterion. Re-parameterization was performed on k D and E a being the estimated parameters β 1 = ln (k D ) − E a /300R and β 2 = E a /300R. The parameters for the initial additional consumption term (k in , a, b) were also estimated and it was also necessary to re-parameterize the coefficient k in using β 3 = k in × 10 5 .
The values of the optimal parameter estimates, as well as the corresponding standard deviations, are shown in Table 2 . As can be seen by the standard deviations, the estimates for all parameters are characterized by very narrow confidence intervals, revealing a high level of statistical significance. The parity plot in Fig. 3 compares predicted values against experimental data for the alkali concentration in the free liquid for both model and validation points, in a total of 246 experimental data points. The statistical characterization of the residuals between predicted and experimental values is illustrated in Fig. 4 , where one can see their Gaussian nature and the small variance of their distribution. Fig. 5 shows model predictions against experimental data for two of the experiments used for parameter estimation, at the alkali charge of 15 g Na 2 O (100 g odw) −1 , i.e., at an initial concentration of alkali in the free liquid of 21 g Na 2 O/L. The model predictions are very good, with an R 2 of 0.995. This is true even for low pulping temperatures such as 80 • C. The initial fast reaction described by Eq. (17) allows predicting the fast decrease in the concentration of alkali registered in the free liquid in the first minutes of all pulping experiments, thus avoiding the overestimation of entrapped alkali concentration. These same conclusions can be drawn for the cooking experiments kept for model validation as can be seen in Fig. 6 , which shows the model prediction and the experimental data for experiments at cooking temperatures of 140 and 165 • C. To be noticed that, although sulphidity has not been used as a parameter in model development, the model predictions are good even when sulphidity was set to 60% as illustrated in Fig. 6 . As shown in Table 2 , the value of the activation energy for diffusion calculated with this lumped model is very similar to those reported by McKibbins [2] (E a = 20.4 kJ mol −1 ), Talton and Cornell [3] (E a = 22.3 kJ mol −1 ) and Robertsén and Lönnberg [4] (E a = 23.7 kJ mol −1 ), thus supporting the reliability of the model.
One important feature that distinguishes the present study from the others above mentioned is that the estimates of the mass transfer parameters are not influenced by the chemical reactions taking place inside the chips, due to the use of experimental data on alkali concentration in the entrapped liquor. Moreover, this model enables to measure the external resistance to mass transfer and its contribution to the overall rate of the mass transfer process, which was unknown and neglected up to now. In the cooks performed at temperatures in the industrial range, this contribution may not be simply neglected, as shown Fig. 7 . Ratio of external resistance over the total resistance to mass transfer at different cooking conditions. in Fig. 7 , where the ratio of the external resistance over the total mass transfer resistance is plotted against time for three different pulping temperatures. As it can be seen, the relevance of the external resistance increases with cooking temperature in a non-linear way and it smoothes away during the cook. The non-constancy on the contribution of the external mass transfer resistance is particularly noticed at 165 • C, a typical industrial pulping temperature, and is accentuated at the alkali charge of 30 g Na 2 O (100 g odw) −1 where it can go up to 13% of the global alkali mass transfer resistance. It should be noticed that the estimated external diffusion coefficient is valid on the range of operating conditions used. The results suggest that the external resistance to mass transfer should not be overlooked and can be a subject for new studies in this field.
Conclusions
In this study a model for the mass transfer of effective alkali in kraft pulping of wood has been developed, based on a lumped parameter approximation and on experimental data for the alkali concentrations measured in both the free and the entrapped liquors. The fast consumption of effective alkali that occurs at the beginning of the cook was well described by relating it to a minimum "critical" alkali concentration and the corresponding term was added to the mass balance of the alkali in the free liquor. The value obtained for the activation energy for diffusion of alkali inside the chips (20.7 kJ mol −1 ) is consistent with those reported in the literature. Moreover, this model has shown to be able to predict the contribution of both internal and external resistances to the overall rate of mass transfer, in a range of pulping temperatures from 80 to 165 • C. Although in previous studies the external resistance in the film has been neglected, the work here reported shows its significant contribution to the overall mass transfer coefficient at normal industrial cooking conditions. In addition, it is shown that this influence increases with the temperature and the alkali charge used in the cook. The proposed mass transfer model has been experimentally validated and can be used in conjunction with a chemical reaction model based on realistic reactant concentrations inside the chip porous structure. This is a critical step in developing a trustworthy heterogeneous kraft pulping model and therefore to better optimization studies of industrial pulping reactors.
